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ABSTRACT 
Optical coherence tomography (OCT) is increasingly used in areas such as ophthalmology and contact lens metrology. 
However, in such cases, image distortion can occur due to the non-planar nature of the measured sample. Post-
processing algorithms can be implemented to correct this distortion. Here we present an OCT phantom designed to 
confirm the validity of post-processing algorithms used for measuring curved surfaces. A multi-purpose OCT phantom 
has been created within a fused silica plano-convex lens using the direct femtosecond laser writing technique. This 
phantom can be used to calibrate and quantitatively assess the performance (e.g. resolution, sensitivity and distortion) of 
OCT systems and associated post-processing algorithms for curved structures such as lenses. This novel OCT phantom 
has been characterized using an optical microscope and OCT systems.  
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1. INTRODUCTION  
Optical coherence tomography (OCT) systems can obtain non-invasive, cross-sectional, high-resolution, real-time, in-
vivo images and were initially demonstrated by Huang et al. in 1991 [1]. The core of the OCT system is a low-coherence 
interferometer, which can probe the change in refractive index with depth of a transparent sample. In recent years, OCT 
systems have become widely used in the medical field (e.g. in ophthalmology) to assist with the diagnosis of diseases 
such as glaucoma. However, there is no ubiquitous standard that can be used to calibrate and assess the performance of 
different OCT systems and there is a requirement for multi-purpose OCT phantoms to act as a three-dimensional optical 
ruler.  
 
Previously, various methods of making OCT phantoms have been presented. Woolliams et al. proposed a solid point 
spread function (PSF) phantom made of resin doped with 400nm diameter nanoparticles with an even spread of 300-
800nm by mixing using an overhead stirrer [2]. Similarly, Agrawal et al. created a PSF phantom by embedding 
nanoparticles (i.e. gold-silica nanoshells) into an optically transparent medium, with resultant phantoms exhibiting a sub-
micrometer spatial resolution [3]. However, the results showed some uncertainty due to the occasional aggregation of the 
particles and also the imperfections of the silicone. The fabrication process involves multiple steps which could 
introduce additional uncertainty. Tomlins et al. demonstrated the use of a femtosecond laser machining technique to 
fabricate planar OCT phantoms and this method enables accurate positioning of the defects and shows the possibility of 
a highly repeatable fabrication process [4]. This work produced a series of test patterns written in 3 dimensions in a 
planar fused silica substrate, and has been adopted commercially by Arden Photonics Ltd., Solihull, UK [5]. Sandrian et 
al. presented a method using a combination of femtosecond laser inscription and nanoparticle embedded resin to 
fabricate a 3D imaging calibration phantom [6]. Here, an automated assessment of 3D PSF pattern is used to evaluate the 
OCT system performance [6]. However, one disadvantage of this fabrication method is that the random dispersion of the 
nanoparticles is not repeatable, with each phantom being unique [6]. Moreover, the phantoms are limited in terms of the 
inscription depth due to the use of a high numerical aperture (NA) inscription lens to achieve micro-scale defects [6].  
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More recently, Diaz et al. presented an inverse pyramidal structure for 3D geometrical calibration using a deep reactive 
ion etching method [7]. The fabrication method requires manual processes such as stacking and positioning and for OCT 
calibration an additional lens needs to be added to see the distortion effect which could introduce additional alignment 
issues [7]. Moreover, all these fabrication methods result in planar phantoms that do not fulfil the requirements of those 
systems designed for measuring curved structures such as contact lenses. Coldrick et al. demonstrated the measurement 
capability of using an OCT system (the Optimec is830 system) to measure and inspect curved surfaces (i.e. contact 
lenses), however, the system would further benefit from a large-area calibration method [8].  
 
To address this and building on the previous work from [4], a novel OCT calibration phantom has been inscribed in a 
plano-convex lens using direct femtosecond laser writing technique. The phantom can simulate the curvature of a contact 
lens and be used to test the validity of post-processing techniques. The use of a plano-convex lens (rather than a convex 
lens) is important because it allows the calibration pattern to be written through the non-distorting flat face of the lens 
and then viewed/used through the distorting curved face.  
 
2. EXPERIMENTAL SETUP 
The phantom was directly inscribed below the plane surface of a plano-convex lens (LA4380, Thorlabs), which is made 
of fused silica with a diameter of 25mm, a radius of curvature of 46mm, central thickness of 3.8mm and an edge 
thickness of 2.0mm.  
 
To fabricate the device a laser micromachining system (built by Oxford Lasers Ltd, UK) was used. The system contains 
a femtosecond laser source (Amplitude Systemes s-Pulse HP) that uses Ytterbium as the active laser medium and 
exhibits a central wavelength of 1026nm, pulse duration of ~500fs and is set at a repetition rate of 100kHz. The 
inscription lens has a magnification of 100x (Mititoyo M Plan Apo NIR Series) with a numerical aperture (NA) of 0.5 
which results in a laser spot size of approximately 2.5µm at the focus. The sample is mounted on a software-based 
motion control system (Aerotech A3200). A goniometer located under the sample allows for precise manual position and 
angle control of the sample in the initial alignment process. The laser system layout is shown in Figure 1 below. 
 
 
Figure 1. Schematic diagram of the laser system set-up at a 1026nm central wavelength with a repetition rate of 100 kHz and 
a 100x inscription lens.  
 
The optical phantoms were characterized using both optical microscopy (Axioscope 2 MOT Plus, Zeiss) and two 
different spectral-domain OCT (SD-OCT) systems (Optimec is830 and Thorlabs Ganymede series). With the optical 
microscope, both the 5x objective lens and the 20x objective lens were used for the measurement. The two OCT systems 
have different resolutions for comparison and are detailed in Table 1.  
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Table 1. Parameters of the two OCT systems used  
OCT system model Optimec is830 SD-OCT Thorlabs Ganymede Series SD-OCT 
Central wavelength 830nm 930nm 
Axial resolution 12µm (air) 5.8µm (air) 
Lateral resolution 30µm 8µm 
Sensitivity 107dB (at 1.2kHz) 101dB (at 5.5kHz) 
 
3. OCT PHANTOM DESIGN AND FABRICATION 
A grid-like phantom was inscribed on a plano-convex lens as shown in Figure 2 using a direct femtosecond laser writing 
technique. A non-linear multi-photon absorption process occurs when there is an interaction between the focused laser 
beam and the material, which induces refractive index changes. The average power of the laser was set to 188mW (i.e. 
20% of the total energy level) which results in 1880nJ per pulse and therefore, a peak pulse power of 3760kW.  
 
The inscribed pattern consisted of a series of X and Y lines that make a 100µm grid in a plane parallel to the flat surface 
of the lens. The size of the inscription was set to 25mm x 25mm in order to cover the entire lens area. The first grid was 
inscribed 150µm in apparent depth (AD) below the flat side of the lens which has a real depth (RD) of 219.15µm 
calculated as 150µm x 1.461 (fused silica refractive index). The sample was then moved 50µm (in AD) in the Z direction 
and the grid pattern replicated and this process was repeated until there were 8 layers of 100µm grid patterns in total. To 
avoid scattering from pre-written lines, the inscription process starts from the lowest layer which is located at 500µm in 
the apparent depth (AD) below the surface or 730µm below the surface in the real depth (RD). This process enables each 
layer to be clearly inscribed. 
 
             
        (a)                       (b) 
Figure 2. Conceptual drawings of the OCT phantom pattern: (a) the view from the top; (b) the view from the side.  
 
Alignment is a big challenge when placing the sample on the CNC stage of the laser system, due to the difficulty in 
determining whether the planar side of the lens was parallel to the CNC stage. To overcome this challenge, three 
equidistant points close to the edge of the lens were focused upon to ensure the lens was flat. An alignment validation 
program performed a series of inscriptions to verify the alignment, ensuring that the flat side of the lens was parallel to 
the XY axis of the translation stage. Minor adjustments were then made on the sample’s alignment using both software 
control and the manual adjustments of a goniometer stage. The process was repeated until the surface was suitably flat.  
 
4. RESULTS AND DISCUSSION 
The phantom was characterized first using an optical microscope (Axioscope 2 MOT Plus, Zeiss). Example microscope 
images are shown in Figure 3. Figure 3(a) shows an image taken with a 5x objective lens from the planar side of the 
phantom, and Figure 3(b) is a close-up of this using a 20x objective lens and gives the dimensions of the cell under 
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